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I. INTRODUCTION AND MOTIVATION
A growing interest in generating terahertz (THz) radiation is observed worldwide for both scientific and technological applications because of the peculiar characteristics of this radiation: it is non-ionizing, it penetrates dielectrics, it is highly absorbed by polar liquids, highly reflected by metals and reveals specific "fingerprint" absorption spectra arising from fundamental physical processes.
Both laser and accelerator-based THz sources are routinely implemented in several laboratories worldwide to optimize the emission features of the radiation in terms of spectral bandwidth, broadband, and narrowband, average and peak power, energy per pulse. Laser-based table-top THz sources present high average power and energy, because of the high repetition rate (≈ kHz); they can also generate tunable THz radiation from photoconductive antennas and nonlinear media. 1 Short electron bunches are mandatory for the generation of highly performing accelerator-based THz sources, with high peak power, and broadband spectrum, extending up to a frequency given by the single electron bunch duration.
In order to achieve ps and sub-ps electron beams, different bunch compression techniques have been proposed 2, 3 and successfully tested. 4, 5 In III generation circular machines the low-momentum compaction, i.e., α-mode, has been successfully used at Bessy-II 6 and ANKA. 7 Short bunches can also be created by profiting from the bunch length energy dependence (σ z ≈ E 3/2 ), i.e., the bunch length can be reduced by lowering the machine energy. This compression scheme has been investigated, for instance, at Elettra. 8 In all cases, due to intrinsic magnetic optics limitation in a circular machine, only the ps-regime can be achieved providing a spectral coverage up to 1 THz. The sub-ps regime, corresponding to frequencies up to several THz, can be easily reached, instead, in linac-based machines. Indeed, these machines, recently developed for producing high brightness electron beams (HBEB) for Free-Electron Lasers (FELs) emission, are designed to work in the sub-ps regime down to 10−50 fs. 9 Linac-based coherent THz radiation from relativistic electron bunches is a potentially revolutionary source [10] [11] [12] in different field of science ranging from THz pump and probe experiments to molecular spectroscopy and imaging. 13 The study of ultra-fast and nonlinear phenomena can profit of peak electric fields greater than 1−10 MV/cm 14 and intense singlecycle and multi-cycles THz radiation. 15 So far the major limitation of accelerator-based sources was the lack of frequency tunability. Recently, it has been demonstrated that it is possible to generate tunable, narrowband, few-cycle, and multicycle coherent THz radiation by properly shaping the longitudinal charge distribution of the electron beam. Different approaches are currently used: a temporally shaped photocathode drive laser pulse, 16 , 17 a mask in a high dispersion, low beta function region of a beamline dogleg in order to produce a temporal bunch train out of a long bunch with a correlated energy spread, 18 a transversely segmented beam (with a multislit mask) manipulated via a transverse-to-longitudinal phase space exchange technique, 19 and an ultra-short relativistic electron bunch passing through a magnetic undulator. 20 For instance, molecular spectroscopy and imaging can benefit from a high peak power, tunable THz radiation with narrow spectral bandwidth.
Coherent THz radiation from relativistic ultra-short (subps) electron bunches is commonly used also as powerful longitudinal diagnostics in linac-drive FELs, 21 as presently done at Sources for Plasma Accelerators and Radiation Compton with Lasers and Beams (SPARC-LAB), or plasmabased accelerators, 22 which is an approved project at SPARC-LAB.
The generation of THz radiation at SPARC-LAB relies on the usage of sub-ps high brightness electron bunches when a broadband radiation is needed, while for tunable narrowband radiation longitudinally modulated electron beams are produced and characterized. The production of a pulse train with sub-picosecond length and adjustable (sub)-picosecond inter-distance is itself very interesting due to its wide spectrum of other applications such as coherent excitation of plasma waves in plasma accelerators or ultrafast pump-probe FEL experiments. 23 In this paper, we will resume the main results achieved at SPARC-LAB in the generation of THz radiation, as Coherent Transition Radiation (CTR), relying on the peculiar possibility of manipulating ultra-short (sub-ps) high-brightness electron beams and longitudinally modulated ones. 24 The technique used at SPARC-LAB to produce high brightness longitudinally compressed beams relies on low energy RF compression, named as velocity bunching. 4, 5 Beyond the shorter bunch length, the velocity bunching technique is characterized by a longitudinal phase space distortion, leading to asymmetric current profiles which are responsible of the emission at higher frequencies thanks to the sharp rising charge distribution at the bunch head.
Longitudinally modulated electron beams are generated by properly shaping trains of UV laser pulses illuminating the metallic photocathode, in the RF gun followed by the RF compressor, i.e., the first linac section, operating in overcompression regime or by a magnetic compressor with R 56 < 0: downstream the photoinjector the initial density modulation is converted, due to longitudinal space charge forces, in energy modulation, that after compression is transformed back to density modulation. The train characteristics, i.e., charge, length, and inter-distance, are completely controlled by the accelerator parameters with no particle losses, giving the possibility to produce high charge pulse trains. This technique is known as comb laser beam.
The paper focuses also on the main issues concerning the optimization of the THz radiation source giving some insight into the beam dynamics of a two and four bunches comb beam through the dogleg beamline. Start-to-end simulations have been used to both guide the operation and analyze experimental data.
II. THE SPARC-LAB TEST FACILITY
SPARC-LABis a test facility based on the unique combination of high brightness electron beams, from the SPARC photoinjector, 25, 26 with high intensity ultra-short laser pulses, from FLAME. 27 The joint presence of these two systems will allow the investigation of different configurations of plasma acceleration, i.e., self-and external-injection, laser and particle beam driven, and the development of a wide spectrum inter-disciplinary leading-edge research activity based on advanced radiation sources, e.g., coherent monochromatic X-ray and high peak power THz radiation, both broadband and narrowband.
The photoinjector is composed by a BNL/UCLA/SLAC type gun, operating at S-band (2.856 GHz) with high peak field (120 MV/m) on the incorporated metallic photocathode (Cu), generating a 5.6 MeV electron beam. The gun is then followed by three traveling wave (TW) sections whose accelerating gradient boosts the beam energy up to 180 MeV. The first one is also used as RF compressor (velocity bunching regime) by varying the beam injection phase. Solenoid coils embedding the first two sections can be powered to provide additional magnetic focusing to better control the beam envelope and the emittance oscillations under RF compression. A diagnostics transfer line allows to fully characterize the accelerated beam by measuring transverse emittance, 28 longitudinal profile, and slice emittance through a RadioFrequency Deflector (RFD). 29 When SPARC is not operated in the FEL mode, the beam is bent by dipole magnets either by 14
• towards the first dogleg beamline or by 25
• towards the new beamlines for plasma acceleration and Thomson back-scattering. Figure 1 depicts a sketch of the layout, showing the SPARC linac and the first beamline, where the THz station is placed together with complementary experimental devices, i.e., a novel cavity beam position monitor and an electro-optical sampling apparatus.
Nowadays the SPARC-LAB scientific program ranges from advanced beam dynamics experiments, 5, 24, 30 devoted to beam physics understanding, advanced radiation generation, i.e. THz, [31] [32] [33] Compton, etc., to novel schemes for generation of FEL radiation, [34] [35] [36] [37] to plasma acceleration experiments. 38, 39 In the following, we will focus on the activity concerning the generation, characterization and transport of both a high brightness single pulse electron beam and a multi-pulses train through the dogleg beamline down to the THz station, for the development of high peak power, both broadband and narrowband THz radiation, whose experimental layout is described in Sec. II A.
A. THz source experimental layout
The THz source is placed at the end of the dogleg beamline, where CTR is generated at the interface of an aluminum coated silicon screen (30 × 30 mm size), placed in the vacuum pipe (60 mm diameter) at 45
• with respect to the electron beam direction. The backward CTR radiation, reflected normally to the beam direction, is extracted through a crystalline z-cut quartz window (63 mm clear aperture) and propagated in air. The distance between the target and the vacuum window is 70 mm; therefore, the angular acceptance of the window is much greater than the natural opening angle (ϑ ≈ 1/γ ≈ 5 mrad with γ = 196). A 152 mm focal length 90
• offaxis parabolic mirror, whose focal plane corresponds to the source plane, parallelizes and reflects vertically the radiation beam down towards an aluminum flat mirror, placed at 45
• with respect to the horizontal plane (Fig. 2, top) . Frequency domain measurements 32 can be performed by means of either a Martin-Puplett interferometer 40 or bandpass mesh filters, 41 depending on the position of the first flat mirror in Fig. 2 , bottom).
In the case of autocorrelation measurements, the radiation enters the first polarizer, whose wires are vertical to select horizontal polarization. The horizontally polarized transmitted radiation first reaches the beam splitter (BS), placed at 45
• , whose wires are at 45
• to the horizontal plane when viewed along the beam input axis. The BS divides the input signal into two equal, orthogonally polarized components, one being reflected towards the stationary roof mirror and the other being transmitted to the movable one, whose maximum travel distance is 36.7 mm with a minimum step width less than 1 μm. Radiation coming back from both arms to the beam splitter recombines, being then focused by a 90
• off-axis parabolic mirror onto the detectors via the analyzing wiregrid, located between the mirror and the detectors. Wire grids are wound from 10 μm diameter thick tungsten wire with a spacing of 20 μm. Either pyroelectric or Golay cell detectors, operating in a spectral range of 0.1-10 THz, can be used. Due to the finite size of the screen and optics acceptance, the CTR spectrum has a low frequency cut off, which can be evaluated as the frequency for which the Ginzburg-Frank formula is reduced by e −1 , i.e., 300 GHz (see Fig. 3 ). At high frequency, the quartz window transmission sets a limit at 5 THz.
III. THEORETICAL BACKGROUND
THz radiation is electromagnetic radiation whose frequency lies between the microwave and infrared regions of the spectrum. In linear accelerators broadband THz radiation is generated as coherent radiation emitted by sub-ps duration single electron bunches. THz radiation with narrow spectral bandwidth is, instead, produced by means of multi-bunches trains with THz scale spacing. In this section, we will discuss the generation of coherent radiation and the beam manipulation methods applied to enhance the THz radiation performances in terms of spectral bandwidth, peak power, and energy per pulse.
A. Coherent transition radiation
The emission mechanism considered here is Transition Radiation (TR) as produced when a relativistic charged particle crosses the interface between two media of different dielectric properties. The TR process was calculated analytically by Ginzburg and Frank 42 (GF) by solving the Maxwell equations in the assumptions of infinite size target, infinitely thin and ideally flat, perfectly conducting material and farfield approximation. The spectral angular distribution for a single electron is then described by the formula
with c the speed of light, e 0 the charge of an electron, β the ratio of the velocity of the particle to the velocity of light, and ϑ the observation angle measured with respect to the backward direction. For frequencies well below the plasma frequency of the conduction electrons of the metal and in the limits of validity of the GF formula (Eq. (1)), the spectral angular distribution of TR radiation does not present any dependence on the radiation frequency. However, in most practical cases the assumptions of infinite size target and far-field approximation are not completely fulfilled. 43 Indeed, for high electron energy and large emitted wavelength, the natural extent of the particle field, i.e., γ λ/2π , may exceed the dimension of the screen, causing the spectrum be a complicate function of beam energy, target extension, frequency, and angle of emission. As a consequence, the ideal GF formula (Eq. (1)) is not valid anymore and it must be replaced by the generalized one. 44 The effect on the TR spectrum is a strong suppression of the low frequencies side, as shown in Fig. 3 . Figure 3 presents the single electron TR energy density calculated for 100 MeV energy in case of an infinite screen (solid black line), in comparison with a 30 ×30 mm (dashed red line) and a 20 × 20 mm (dotted blue line) target.
TR has the tendency to propagate in two main directions along the trajectory of the particle, in the forward direction (forward transition radiation, FTR) and in the backward direction (backward transition radiation, BTR), within a cone whose axis is coincident with the direction of propagation of the particle and with angular aperture proportional to 1/γ , where γ is the Lorentz factor. In case the target is oriented with angle θ 0 with respect to the direction of the incident particle, the backward radiation propagates in the direction of the mirror reflection. From the experimental point of view, the θ 0 = 45
• geometry is the most suitable one because the emitted radiation is well separated from the electron beam. The theoretical model, depicted by the GF formula, exactly describes the TR angular distribution in case the particle intersects the target surface normally. However, for relativistic electron beam energy, γ 1, the GF formula can describe as well the TR angular distribution also in case of oblique incidence. 45 When considering a bunch of charged particles with a finite size in both transverse and longitudinal dimensions, each particle in the bunch emits a radiation field with the same amplitude. The relative phase, instead, depends on the position within the bunch and on the direction of the radiation. The spectral angular distribution produced by a relativistic electron beam can be written as
with ω = 2π c/λ the angular frequency of the emitted light, N the number of electrons in the bunch, and
the generalized GF formula. 44 Under general conditions, F(ω) is the socalled three-dimensional (3D) bunch form factor, 47 defined as the square of the Fourier transform of the normalized particle distribution within the bunch, S( r),
n is the unit vector towards the observation point, and the integral is performed over the bunch volume V . 48, 49 Two terms contribute to the total intensity (Eq. (2)): the first one, proportional to the number of particles, N, is the total intensity if the particles radiate all incoherently, each behaving independently one from the other; the second one dominates for short bunches when the N particles can be treated as a single macroparticle. All particles emit their radiation at the same phase coherently which means that the field amplitudes add with constructive interference and the intensity scales quadratically with the number of electrons per bunch, i.e., N 2 . From the definition of the 3D form factor (Eq. (3)), it results that the finite transverse size of the bunch can also affect the coherent amplification at short wavelengths and reduce the magnitude of the form factor, resulting in a narrower spectrum. The phase φ = ω cn · r in Eq. (3) can be written, in cylindrical coordinates, as φ = ω c (ρ sin ϑ + z), ρ being the beam radius and z the longitudinal coordinate with respect to the bunch center of mass. As a consequence, at small observation angles, typical for radiation from highly relativistic electrons, and/or for finely collimated beams, the bunch transverse form factor has a weak influence on the coherent radiation spectrum. 50 In the following, we refer to F(ω), defined by
as the bunch longitudinal form factor, the contribution of the transverse one being negligible, as demonstrated in Fig. 4 . Figure 4 demonstrates that even for acceptance angles larger than the natural opening angle of TR, i.e., ϑ ≈ 1/γ , the transverse form factor affects mainly the high frequency side of the spectrum in case of beam radius much larger than the longitudinal dimension.
From the point of view of THz radiation production, the N 2 dependency of coherent radiation results in a huge intensity gain with respect to most existing THz sources. Furthermore, since the bunch longitudinal form factor (Eq. (4)) is typically different from zero for wavelengths of the order, or longer than the bunch length, σ z = cσ t , it is clear that the coherent radiation spectrum can be extended towards high frequencies, i.e., several tens of THz, by acting on the bunch longitudinal dimension. FIG. 4 . Calculated CTR energy density for a 20 mrad acceptance angle, taking into account the 3D form factor for uniform distributed beams, both transversely and longitudinally. A 260 pC charge, 260 fs pulse duration and 100 MeV energy beam is considered. Orange and blue solid curves are obtained through the ideal GF formula, considering a 150 μm and 1.5 mm beam radius, respectively. The red dashed and the navy dotted curves take into account the target screen size, for a transverse beam radius of 150 μm and 1.5 mm, respectively.
B. Broadband generation
Short electron bunches are therefore mandatory for the generation of high peak THz power. Both magnetic and RF compression techniques can be used. In magnetic compressors, a bunch with a time-energy correlation (or chirp) is driven along an energy-dependent path length by a dispersive, non-isochronous beam transport section. While this scheme has been proved successful in increasing the beam current, the emittance growth due to coherent synchrotron radiation in bending magnets can be dramatic. As alternative, the compression scheme used at SPARC-LAB exploits the interaction with the electromagnetic fields of an accelerating cavity. Based on RF compression, it uses rectilinear trajectories, avoiding the damage suffered by the beam going through bending trajectories. This scheme is commonly known as "velocity bunching" 4 (VB). The VB method is based on a time-velocity correlation in an electron bunch, causing electrons in the bunch tail to be faster than electrons in the bunch head. The correlated chirp induces a longitudinal phase space rotation in the traveling RF wave potential (longitudinal focusing) accelerating the beam inside a long multi-cell RF structure. Thus simultaneously, an off crest energy chirp is applied to the injected beam. If the beam is slightly slower than the phase velocity of the RF wave, when injected at the zero crossing field phase, it slips back to phases where the field is accelerating and, simultaneously, it is chirped and compressed. Therefore, compression and acceleration take place at the same time within the same accelerating section, i.e., the first one following the gun. An additional advantage is given by the fact that this compression section can be integrated in the emittance compensation scheme. 30 Indeed, the VB technique is characterized by longitudinal and transverse phase space distortions, leading to asymmetric current profiles, and higher final projected emittances, which can be however minimized by keeping the transverse beam size under control through solenoidal magnetic field in the region where the bunch is undergoing compression and the electron density increasing. 5 The asymmetric longitudinal profiles are instead responsible of the emission at higher frequencies thanks to the sharp rising charge distribution at the bunch head. Indeed, beyond the bunch longitudinal dimension, the longitudinal bunch shape has also a significant impact on the emission spectral content, as shown in 
same RMS bunch length, are depicted. The triangular-like longitudinal profile is then the most recommended to generate THz radiation extending up to higher frequencies.
C. Narrowband generation
Narrow spectral bandwidth and tunable THz radiation can be produced by a train of sub-ps electron bunches. An active method for tailoring an adjustable train of electron bunches with a sub-picosecond length with sub-picosecond spacing has been demonstrated at the SPARC-LAB test facility, combining the velocity bunching regime, and properly shaped trains of UV laser pulses hitting the photocathode (comb laser beam).
24, 51
The technique used to generate laser comb pulses relies on a birefringent crystal, where the input pulse is decomposed in two orthogonally polarized pulses with a time separation proportional to the crystal length. If more birefringent glasses are inserted in the laser beam path, it is possible to produce multi-peaks. A comb laser pulse illuminating a metallic photocathode in a RF gun generates a train of short electron bunches. Downstream the photoinjector, the beam acquires an energy modulation because of the space charge effects and, if injected in a RF-compressor operating in the over-compression regime, the energy modulation can be transformed back into a density modulation. 51 The train parameters, bunch charge, length, and inter-distance, are completely controlled by the accelerator with no particle losses. As a train of sub-ps relativistic electron bunches crosses an aluminum screen, coherent THz radiation is generated and its spectrum results in a series of narrow pulses whose THz central frequency and bandwidth depend on the bunches interdistance and width. Figure 6 (left plot) shows the longitudinal profile of both a single bunch (red dashed line) and a fourbunches train with different time separation (blue solid and black dashed-dotted lines); the form factor of such longitudinal distributions is shown in Fig. 6 (right plot), highlighting the impact of the beam parameters on the THz emission. Figure 6 also shows how the emission frequency can be tuned by changing the distance between pulses in the train. Therefore, combining the VB technique and a comb-like electron beam distribution, a tunable narrowband THz source can be produced.
Being the longitudinal distribution produced directly by a proper laser shaping, the method presented here does not foresee any reduction of the bunch charge; therefore, the coherent THz emission can take advantage of high charge pulse trains.
The main critical points consist in the high phase stability requirements and the need to control the emittance of a space charge dominated comb beam at low energy when the RF compressor is used.
In Secs. IV B 1 and IV B 2, we discuss the generation and the transverse and longitudinal phase space characterization of both a two-bunches and a four-bunches train, respectively. However, we will first discuss in Sec. III D the impact of the dogleg beamline on the preservation of well separated subbunches down to the THz station, affecting the broadening of the THz radiation spectral bandwidth.
D. Dogleg longitudinal dynamics
The longitudinal phase space evolution in the dogleg is dominated by nonlinearities given by high order chromatic terms. 52 Running the beam off-energy with a momentum p differing from the central momentum p 0 of the design trajectory, the beam centroid follows the trajectory of an off-momentum particle whose momentum dispersion is = ( p − p 0 )/p 0 . A particle with arbitrary momentum p then has the momentum error δ = (p − p)/ p relative to the central momentum of the beam and the momentum error δ = (p − p 0 )/p 0 relative to the design momentum for which the beam line is optimized. The longitudinal transport parameters relative to the displaced momentum error δ can be written as and are function of the momentum error from the beam centroid, i.e., the difference between the actual energy and the design one. z 0 is the designed longitudinal position; additional details of the derivation and the notation used here are explained in Ref. 52 .
In a comb beam, we can define the previous quantities for the whole beam and also for each sub-bunch in the train, meaning that any sub-bunch may undergo a longitudinal evolution different from the others.
For example, typical values for SPARC dogleg line are R 56 = −5 mm with a T 566 = −95 cm with a momentum spread which may be about few %; therefore, the R 56 (the so called "effective" R 56 ) may also change sign within the bunch train itself, depending on the sub-bunch energy.
Such a nonlinear behavior is very important, since the dogleg acts as a compressor, i.e., modifying further the bunch train length, sub-bunches current and bunch separation, affecting THz emission. An example is shown in Fig. 7 for the longitudinal phase space of a four-bunches beam both at the exit of the linac (where the SPARC RFD-based longitudinal beam diagnostics is) and at the end of the dogleg (where a THz radiation-based longitudinal diagnostics is also present).
At the linac exit the four pulses are well separated (left plots). The right plots refer to a dogleg line with the quadrupoles set to have R 56 = −5 mm with an energy 1 MeV lower than the energy at which the dogleg is optimized. The longitudinal phase space is completely distorted and the bunch profile has a modulation depth much worse, resulting in a poor narrowband THz emitted radiation. Figure 7 shows TSTEP 53 simulation with a very detailed SPARC model and the resulting THz spectra are compatible with the measured ones.
Such high order chromatics effect (due to T 566 R 56 ) and possible off energy operation affects the longitudinal phase space transport in the dogleg even more for a two bunches comb beam which exhibits typically a higher energy spread. For example, it may result, for a two sub-bunches beam, in one sub-bunch lengthening, while the other is compressing, as confirmed also by simulations shown in Fig. 8 . A similar behavior has been also observed in the experiment as presented in Sec. IV B 1.
E. Frequency-domain technique for the characterization of longitudinal distributions
The coherent spectrum of radiation emitted by both a sub-ps single bunch and a multi-bunches train can be retrieved by means of Fourier transform spectroscopy, based on the fact that the interference pattern (i.e., the interferogram) from a two beams interferometer is the Fourier transform of the radiation passing through it. In particular, for millimeter and submillimeter radiation a Martin-Puplett interferometer 40 is usually considered. The beam splitter is a polarizing grid, whose wires are at 45
• with respect to the horizontal plane when viewed along the beam axis. The grid reflects the field with polarization parallel to the wires and transmits the orthogonal one. The roof mirrors rotate the polarization of the incident field upon reflection so that the radiation first transmitted by the grid is reflected when it returns, and vice versa. The reflected and transmitted components recombine then to produce a total field, at the analyzer grid which splits polarization again into two components, parallel and orthogonal to the wires, whose intensity is detected by the THz detectors. The horizontal and vertical components are 90
• out of phase and the amplitudes depend on the phase difference, ωτ , resulting in an elliptically polarized radiation; τ is the optical path difference. Assuming a source with an arbitrary intensity distribution, I(ω), the intensity of the recombined radiation at the detectors can be written as
The normalized difference interferogram then can be written
, which corresponds to the Fourier transform of the radiation spectrum and it is the measured quantity.
For a longitudinally modulated beam the interferogram shows 2n − 1 peaks, with n the number of bunches in the train. Let us consider a 4 sub-pulses radiation pulse, generated by a 4 sub-bunches electron beam. At zero optical path distance each sub-pulse within the two comb trains completely overlap, resulting in the maximum in the difference interferogram. As the path difference increases, the interferogram intensity decreases until three of the four pulses overlap, corresponding to the first side maxima. Increasing the distance, the interferogram intensity decreases again until only two of the sub-pulses super-impose, giving the second side maxima, smaller than the previous ones. Finally, as the distance further increases, only one of the sub-pulses overlaps, giving rise to the last side maxima. The peak separation thus corresponds to the bunches inter-distance in the train. The Fourier transform of the autocorrelation function directly provides information on the resonant frequency of the emission and its bandwidth.
The frequency spectrum of the incident radiation pulse can then be obtained by inverse Fourier transforming δ(τ ). The longitudinal form factor is then evaluated from the spectral angular distribution defined by Eq. (2) and integrated over the solid angle. From Eq. (3) it is clear that only the amplitude of the form factor can be retrieved, loosing any information on the phase. Therefore, a proper reconstruction procedure of the bunch profile needs additional manipulation based on Kramers-Kronig dispersion relation. 54, 55 The accuracy of the method depends on the extension of the measured radiation spectrum.
IV. THE SPARC-LAB THz SOURCE
The SPARC THz source has been characterized under different beam charge values, bunch compression factors, and photoinjector laser pulse shapes, i.e., Gaussian single pulse or two and four pulses beam, in order to investigate different emission regimes, i.e., broad and narrow spectral bandwidth. The energy of the beam for the measurements presented here ranges between 100 MeV and 170 MeV depending on the RF compressor phase. The repetition rate is fixed at 10 Hz.
A. Broadband THz radiation
A broadband THz radiation spectrum has been obtained by sub-ps single bunches. Autocorrelation measurements of the CTR radiation generated by a 300 pC, 120 MeV beam have been performed for three different compression factors, defined as the ratio between the bunch length for 0
• RF compressor phase (the electron beam is injected on the crest of the RF field in the first accelerating section) and the length at a given injection phase in the RF compressor. Figure 9 shows the effect of three different bunch lengths on the spectral extent: the shorter the pulse the higher the frequency content in the spectrum. Figure 10 shows the CTR energy spectrum in μJ/THz, measured in case of similar bunch length but different charge, i.e., 500 pC (black squares) and 300 pC (red dots). The effect of the higher charge allows to exceed the 10 μJ/THz per pulse, confirming the great potential of a linac-based THz source. The drop below 300 GHz is due to the effect of the finite screen size, while above 3 THz it is mainly caused by the longitudinal extension of the bunch.
The knowledge of the coherent spectrum allows to get information on the beam longitudinal charge distribution, as highlighted in Eq. (3). However, only the square of the Fourier transform of the longitudinal beam profile can be determined, preventing to retrieve any information on the phase. As discussed in Sec. III E, the procedure for the reconstruction of the bunch profile is based on Kramers-Kronig dispersion relation, allowing to determine the phase value consistent with the measured module. The accuracy of the method depends on the extension of the measured radiation spectrum, which is strongly affected by low and high frequency cut-off, introduced by the experimental apparatus. It is therefore mandatory the knowledge of the transfer function of the whole system, i.e., screen size, transmission of vacuum window, interferometer transfer function and the detectors frequency response. 21 All these arguments are taken into account to reconstruct the bunch profile, shown in the inset of Fig. 11 , which provides a RMS bunch length of 0.45(0.050) ps. The bunch form factor extends up to 2 THz, in agreement with the measured bunch length.
B. Narrowband THz radiation
In this section, we report the measured THz spectra for different configurations of comb beams, i.e., two and four bunches train for different values of RF compressor phases. The production and transport, down to the linac exit, of a train of bunches with THz repetition rate has been successfully achieved, 24 even if challenging due to the high charge stored in each bunch, up to 200 pC in the two bunches train. On the other hand, as discussed in Sec. III D, the transport through the dogleg down to the THz station of such a longitudinally modulated beam can be dramatically affected by several parameters, e.g., beam energy spread, R 56 beamline, etc., resulting in a degradation of the comb structure, and consequently in a widening of the THz emission bandwidth. We report here the experimental observations of this effect.
Two-bunches train
The dynamics of a beam generated by a "comb-like" laser pulse undergoing the RF compression is well described for the case of two-pulses in terms of the compression curves of the total beam and of the single bunches. Figure 12 shows the plot of the compression factor as function of the RF compressor phase for a 4.27 ps laser inter-pulses distance, a 520 fs RMS length for each pulse, and an amplitude of 54.4% in the head and 45.6% in the tail.
The distance between the two maxima of the single pulses curves increases with the charge, being proportional to the distance of the pulses at the entrance of the linac that, due to space charge, increases together with the total pulse length.
The total bunch compressor factor (purple dots in Fig. 12 ) increases up to a maximum value (around −90
• from the RF phase of maximum energy). Up to the phase of total bunch maximum compression, where the two sub-bunches overlap in time, their position is the same as that one at the cathode. Increasing further the compression phase, the sub-bunches invert their relative position, i.e., the bunch at the tail is now trailing the one at the head. Therefore, they start to separate in time and debunch each other. As also shown in Fig. 12 , the dynamics of each sub-bunch is different: the first bunch reaches its maximum compression (black squares), while the second is still in a moderate compression regime (red triangles).
From the point of view of narrowband THz emission, we are interested in the so-called over-compression regime (−95.6
• from the on crest phase, Fig. 13, right) , where the two bunches are well separated in time, i.e., 1 ps.
However, the beam has been experimentally characterized also in some other representative points of the compression curve. In particular, Fig. 13 shows the rotation of the beam longitudinal phase space during the beam compression for a total charge of 180 pC: passing from the compression region (−84
• from the on crest phase, Fig. 13, left) to the over- compression region (−95.6
• from the on crest phase, Fig. 13,  right) , the chirp of the total bunch changes sign. Under the transport through the dogleg, whose typical values are R 56 = −5 mm with a T 566 = −95 cm with a momentum spread of few % in the VB regime, the effectiveR 56 defined in Sec. III D may also change sign within the bunch train itself. Such a nonlinear behavior might result in a further compression introduced by the dogleg, modifying the bunch train length, subbunches current, and bunch time separation. We observed this effect in simulations, by transporting the longitudinal phase space, for the −84
• case, from the end of the linac (Fig. 14 , lower left) down to the THz station (Fig. 14, lower right) , where one sub-bunch lengthens (Fig. 14, upper left) , while the other is compressing (Fig. 14, upper right) . In addition, this behavior has been also experimentally viewed through CTR autocorrelation measurements, providing the bunch form factor (Fig. 15) . Indeed, in Fig. 15 only the −84
• case shows a clear peak around 1 THz, as expected by the simulated longitudinal phase space at the THz station. No effect of longitudinal modulation is instead observed for the other case and, in particular for the over-compression regime (blue dotted line and olive dashed-dotted line). 
Four-bunches train
For a four-bunches comb distribution, the proper pulse spacing and length for suitable narrowband THz generation has been found in the so-called deeply overcompression regime, in which all the sub-bunches are debunching at the exit of the linac, thus well separated in time.
The compression curve of the whole bunch is shown in Fig. 16 ; it reports the ratio between the bunch length at the maximum energy (i.e., no compression) with the bunch length for each injection phase in the first TW accelerating section (i.e., the RF compressor phase). Three different working conditions, namely, compression, over-compression, and deep over-compression, can be identified from the rotation of the phase space induced by the velocity bunching. 56 From the point of view of THz applications, which need a tunable and well defined bunch separation, the deep over-compression region is the most interesting one.
The start-to-end TSTEP simulations are in excellent agreement with the measured data and we can use them to investigate the beam dynamics. For example, Fig. 17 reports the compression curve for each of the four bunches as well as the whole bunch one. Figure 17 also shows that the RF compressor phases can be used as a selector of the number of pulses in the final train. In the compression region, the bunch current ex- hibits only a longitudinal modulation. By entering in the overcompression region, as soon as the first (head) sub-bunch is going through its maximum compression (diamond line) and before the maximum compression of the second sub-bunch (red square line), the current appears as two sub-bunches (2p label). By increasing the RF compressor phase, we can move towards a three sub-bunches train (3p label) and eventually towards a four sub-bunches train (4p label). Keeping in mind the description of the interferogram produced by such a longitudinal distribution, it is clear that, depending on the RF compressor phase, also the number of peaks in the measured interferogram can change.
As an example, we compare the CTR autocorrelation measurements, providing information on the THz spectrum, for two different deep over compression RF phases, i.e., −106
• and −108
• as indicated in Fig. 17 , where the four bunches are well separated in time. Figure 18 (a) (red dots) shows the measured interferogram in case of −108
• RF compression phase. In the same plot, it is reported the interferogram (blue dashed line) as expected from the longitudinal profile measured through the RFD (in the inset), giving a bunches time separation of 0.8 ps.
For such a longitudinal distribution, the interferogram is multipeaked (Fig. 18(a) ), whose time distance corresponds to the separation of the bunches in the train (Fig. 18(b) ). The retrieved form factor (Fig. 18(c) ) is then peaked at the comb repetition frequency, whose bandwidth depends on both the modulation of the bunches in the train and their length. The measured spectrum is shown in Fig. 18(d) ). A discrepancy in both interferograms and spectra, as calculated from the measured beam profile or retrieved from the Fourier transformation of the measured interferogram, is observed depending on the influence of the beam transport through a not well optimized dogleg beamline.
In order to highlight the effect of the beam transport through the dogleg, we also report the measurements in case of −106
• RF compression phase for different values of R 56 . Figure 19 shows, for the same current profile measured through the RFD (Fig. 19, top) , two sensitively different interferograms (Fig. 19 , bottom left) depending on the beamline R 56 : 110 μm per 1% energy spread (blue squares) and 56 μm per 1% energy spread (red dots). The effect on the form factor (Fig. 19, bottom right) is the showing up of a peak centered at the frequency corresponding to the time separation of the interferogram peaks.
C. Main features
Depending on the working point of the accelerator, the THz radiation can be tuned in order to optimize different characteristics. Namely, a single, sub-ps high brightness electron bunch is used to produce broadband, high power ra- 10 10 diation (see Sec. IV A); the required bunch length can be achieved with proper RF compression (the so called velocity bunching). A properly shaped bunch train has been used to drive narrowband THz radiation; by changing the subbunches spacing one can tune the central frequency of the radiation, as shown in Sec. IV B. As an example, we report in Table I the so far achieved THz radiation performances, in case of both a single-bunch and a four-bunch train whose parameters are presented in Table II .
V. CONCLUSIONS
The SPARC-LAB test facility is becoming a test bench for advanced high brightness beam applications, e.g., novel FEL schemes, advanced coherent THz generation, x-ray radiation, and plasma-based acceleration techniques. In particular, a review of the SPARC-LAB coherent THz radiation has been reported. Different THz emission regimes have been achieved by properly control pulse shaping, length, charge, and energy separation, therefore, by properly set the photoinjector parameters. Two main schemes are currently investigated, ultrashort single bunch and multi-bunches comb beams, to generate high energy per pulse, broad and narrow spectral bandwidth THz radiation, respectively.
